Based on studies of the effects of elevated temperatures on engineering properties of it has been concluded that the behavior of high-strength concrete (HSC) differs from that of normal-strength concrete (NSC) under the same temperature ex osure. A recent review of the fire performance of HSC2EZ*23 identified two main differences between HSC and NSC: 1) the relative strength loss in the intermediate temperature range (100 to 400 C); and (2) the occurrence of explosive spalling in HSC specimens at similar intermediate temperatures (200 to 400 C).
INTRODUCTION
Based on studies of the effects of elevated temperatures on engineering properties of it has been concluded that the behavior of high-strength concrete (HSC) differs from that of normal-strength concrete (NSC) under the same temperature ex osure. A recent review of the fire performance of HSC2EZ*23 identified two main differences between HSC and NSC: 1) the relative strength loss in the intermediate temperature range (100 to 400 C); and (2) the occurrence of explosive spalling in HSC specimens at similar intermediate temperatures (200 to 400 C).
In terms of strength loss, studies22-23 have shown that, for intermediate temperatures between 100 and 400 C, the compressive strength of HSC could be reduced by close to 40% of the room-temperature strength-a reduction of approximately 20 to 30 percentage points more than in NSC exposed to the same temperatures.
In terms of explosive spalling, which refers to a sudden and violent breaking away of a surface layer of heated concrete, it has been observed in laboratory tests that HSC has a significantly higher potential for explosive spalling than NSC, even at heating rates less than 5 C/min which is lower than that would occur during real fires.4-7,1*-14. 19 The phenomenon, however, has been observed inconsistently, and there is not a complete understanding of the factors that control explosive spalling in HSC. The general feeling is that its occurrence is related to the inability of HSC, due to its low permeability, to mitigate the buildup of internal pressure as free water and cheniically-cornbined water are vaporized with increasing concrete temperature.
In some countries, the performance of a concrete structure during a fire is considered explicitly in the design, and provisions have been developed that provide relationships between concrete temperature and mechanical properties.
The behavioral differences between HSC and NSC at elevated temperatures raise questions about the applicability of current fire design provisions to HSC structures, since most existing provisions are based on experience with NSC.22,23 Specifically, the larger strength loss incurred by HSC in the intermediate temperature range compared with NSC means that these design provisions are not conservative when applied to HSC. Further, the tendency for explosive spalling of HSC means that HSC structural elements may be more susceptible than NSC to losing the concrete cover that provides thermal protection for the steel reinforcement. None of the current codes addresses the tendency for explosive spalling of HSC.
Given the many benefits of HSC and its increased use in structural applications, it is essential that the fundamental behavior of HSC at elevated temperatures be understood to ensure that structural fire design involving HSC will be safe. This paper, which focuses on the mechanical properties and potential for explosive spalling of HSC, is part of an overall research program at NIST that aims to provide the technical basis for fire design provisions applicable to HSC structures and to develop methods to mitigate explosive spalling. An important issue in developing this understanding is the role of the test conditions. There are no consensus standards on measuring the properties of concrete at elevated temperatures, and different researchers have used different methods. It is necessary to understand whether test conditions have significant effects on the measured relationships between temperature and HSC properties. Also, it is important to be able to quantify the effects of other key variables such as the mixture proportions and silica fume on HSC properties at high temperatures. 
RESEARCH SIGNIFICANCE
The results presented in this paper provide new information on the heating behavior of HSC when exposed to elevated temperatures. Also provided are data on the compressive strength of HSC at elevated temperatures under a restrained condition (data for restrained tests on HSC are rare). This study provides a comprehensive examination of the effects of major variables on mechanical properties of HSC at elevated temperatures and on the tendency for explosive spalling.
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EXPERIMENTAL PROGRAM Test variables and test conditions
HSC at elevated temperature were studied: Silica fume content (0 and 10% cement replacement by mass). HRWRA,+ m~m~ stressed and unstressed tests, the specimens are loaded at elevated temperatures after a steady-state temperature condition is attained. Steady state is defined as when the temperature at the center of the specimen is within 10 C of the target temperature T, and the difference between the surface and center temperatures is less than 10 C. In the stressed test, the specimen is restrained by a preload equal to 40% of the room temperature compressive strength that was applied before heating and maintained during heating. For all test conditions, the specimen is heated to the target temperature Tat a furnace heating rate of 5 C h i n to the target temperature 7 , which is maintained until time t (or t I for residual property test) when the steady-state temperature condition is achieved. The specimen is then loaded to failure while hot (at time f for stressed and unstressed tests) or at room temperature after natural cooling (at time t? for residual property test). For this study. the target temperatures were 100, 200. 300, 450, and 600 C, the time f (or / I ) was 5 h: 15 min f 15 min, and the time t2 was 24 h f 60 min. 
~_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
I lime t
Specimen preparation, instrumentation, and test setup All specimens were 100 x 200 nim cylinders, and were cured under water at room temperature until test time. Before testing, the specimens were removed from the curing tank and the ends were ground to ASTM C 39 requirements for perpendicularity and planencss. Two cylinders from each mixture were instrumented with Type K thermocouples, placed at the center, surface, and midway between the center and the surface of the cylinder. The instrumented cylinders were used to develop the heating regimens required to attain the desired target temperatures and steady-state conditions. Figure 2 shows the setup used for the stressed and unstressed tests. The specimen is placed at the center of the electric split-tube furnace with openings at the top and bottom to allow the loading rains to transmit compressive load from the test machine. The furnace is lined with a higti-teriiperature steel alloy to protect the heating elenients and insulation in the event of explosive spalling. The gaps bet\\wn the loading rains and the furnace openings are filled with ceramic wool insulation. Steel cooling plates, containing interconnected internal channels for circulating cooling uater, are inserted between the loading rams and machine platens to keep the platens from being heated. For the residual property tests, the cylinders were heated in a larger electric furnace that permitted three cylinders to be heated at the same time. In this case, the cylinders are stored within thickwalled, ventilated steel pipes with caps to contain fragments in the event of explosive spalling. Strain is measured by a high-temperature compressometer, with a 102 mni gage length, mounted on the outside of the split-tube furnace. The spring-loaded compressometer rods are placed in contact with the specimen through slots in the furnace wall.
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EXPERIMENTAL RESULTS
Heating characteristics
Figure 3(a) shows the temperature development in the furnace and a Mixture I cylinder when exposed to target furnace temperature of 500 C. The heating rate of the air in the furnace is 5 C/min or 300 C h . It is noted that the concrete temperature lags the air temperature of the furnace. Figure 3(b) shows the temperature difference between the surface and center of the cylinder, and the rates of temperature rise on the surface and at the center of the cylinder.
As shown in these figures, the temperature distribution inside the specimen has a complex history compared with the furnace air temperature. Figure 3 (b) shows that there are perturbations in the rates of temperature rise that occur at different times during heating. In general, three types of perturbations were observed with increasing temperature:*'
A sudden decrease in the rate of temperature rise at the center; An increase in the rate of temperature rise on the surface and beginning of a simultaneous decrease in the temperature rise at the center; and An increase in the rate of temperature rise at the center. Examples of these perturbations are marked in Fig. .?(a) and (b) by vertical dashed lines. I t is believed that these perturbations are related to different stages of the moisture transformation and transport process (vaporization and movement of free and chemically bound water) that occurs in the specimen during heating. The first two perturbations in the rates of temperature rise at the center and the surface of the specimen coincided with concrete temperatures of approximately 100 and 200 C ( Fig. 3(a) ). At slightly above 100 C. free water in the concrete begins t o evaporate rapidly. A moisture front is driven by the heat toward the center o f the specimen, causing a decrease in the rate of temperature rise at the specinien center and thus, an increase i n the tcmperature difference between the cylinder's surface and center. When the center reaches approximately 200 C, a significant amount of cheinically bound water is released. This caused ;I similar decrease in the rate o f temperature rise at the center. In addition. the rate of temperature rise on the surface increases. presumably due to a reduction in the evaporative cooling effect, :is marked by the second vertical dashed line in Fig. 3 (a) and (b). The temperature difference between the surface and center reaches a maximum of 36 C at a corresponding center t e nperature o f 2 7 0 C. This coincides with the third major perturbation in the rates of temperature rise in the cylinder. In this case, there i s a rapid increase in the rate of temperature rise at center (third vertical dashed line). After this point, the rate of temperature rise on the concrete surface is lower than that of the center, causing the temperature difference to decrease, as shown in Fig. 3 (b). This trend continues until a true steady-state thermal condition develops when the surface-tocenter temperature difference is reduced to zero. Note that as the specimen center reaches the target temperature 7 of 450 C, the center is slightly hotter than the concrete surface. In surnmary, the temperatures measured at different points in the cylinders reveal a complex process characterized by sudden changes i n rates of temperature rise. It is believed that these perturbations are related to the transformation and subsequent transport of free water and chemically combined water that occur when concrete is heated. Test and target ternwratures, C Spalling tendency Table 2 shows the test matrix and the incidences of explosive spalling. Each circle i n the table represents a cylindeitest and an open circle represents a cylinder that exploded while being heated to the target temperature. Explosive spalling is characterized by the sudden fragmentation of the cylinder during heating. This is accompanied by a loud bang and the instantaneous release of a large amount of energy that propels the fragments at high velocity in all directions. Examination of several exploded cylinders showed that there was a large intact core, which measured approximately 70 x 120 mm. Reassembly of the larger fragments showed that the core was surrounded by an approximately 20 m m thick concrete shell (Fig. 4 ). It appears that explosive spalling of the cylinders occurs by separation of the 20 m m thick shell from the core, and is consistent with the notion that explosive failure results from the build up of internal vapor pressure. Mixture A study of Table 2 shows the following tendencies for
For the stressed tests, all cylinders of Mixtures 11 and 111 exploded while being heated to 600 C, while cylinders of Mixtures I and IV did not experience any explosive spalling throughout the entire teinperature range; For the unstressed tests, all cylinders of Mixture I and one of four cylinders of Mixture I1 exploded while being heated to 450 C, and all cylinders of Mixtures I1 and Ill exploded while being heated to 600 C (Mixture I specimens were not heated to 600 C due to the consistent failure while being heated to 450 C); and For the unstressed residual property test, one cylinder from each group of Mixtures I and 11 exploded while k i n g heated to 300 c, and all Mixture 1 cylinders exploded while being heated to 450 c. (Specimens f o r these tests were not heated t o 600 C for fear of d a nage to the exposed heating eletnents in the furnace that was used). Considering all the mixtures, the mean of the estimated concrete temperatures at the centers of the cylinders whcn explosive spalling occurred was approximately 250 C, with an approximate range of t 5 0 C. For Mixture I specimens. this temperature range was about 240 to 310 C, which is soperposed as shaded bands over the temperaturc plots shown in Fig. 3 (a) and (b). As can be seen in Fig. 3(b) , the temperature range in which explosive spalling occurred coincides with the time of high thermal gradient between the surface and center. This suggests that, while internal pore pressure niay be the primary cause for the explosive spalling of the spalling: specimens, the buildup of themially induced strains might have a secondary role in this failure.
----------T
Mechanical properties
Results of all tests are listed in Appendixes 1 to 3 and in Reference 24. Measured compressive strengths and elastic moduli are discussed in the following sections, which are grouped according to test condition. To compare the results from all mixtures, the values measured after exposure to elevated temperatures were divided by the corresponding average room temperature values.
Results of stressed tests-The normalized compressive strengths and static moduli of elasticity as functions of temperature are shown in Fig. 5 and 6 . The symbols i n these figures represent the individual test result, and the lines represent the mean for each mixture. As shown in Fig, 5 , compressive strengths of all four HSC mixtures varied similarly with increasing temperature. At 100 C, all four mixtures had a strength loss between 25 and 33%. with Mixture I sustaining a smaller strength loss than the other mixtures. This is followed by a minor strength recovery, and there is essentially no difference in strength loss among the four mixtures at 200. 300, and 450 C. At 600 C, there is a significant additional strength reduction in Mixture IV, and a less significant further strength loss in Mixture I. Data for Mixtures I1 and I11 at 600 C were not available due to explosive spalling. Figure 6 shows the decrease in static modulus of elasticity. In contrast to strength loss, there is a general trend of progressive loss of modulus of elasticity with increasing temperature. Since data at elevated temperatures were incomplete (Appendix I), it was not possible to conduct a rigorous analysis for statistically significant differences among the four mixtures. The incomplete data, however, indicate no difference among the mixtures.
Results of unstressed tests-The normalized compressive strengths and static moduli of elasticity with respect to temperature are shown in Fig. 7 and 8 . Because of cxplosive spalling, data are not available for Mixture I above 300 C or for Mixtures I1 and I11 above 450 C. As can be seen from Fig. 7 , the compressive slrengtli-temperature relationships for the four HSC mixtures were similar to those observed for the stressed tests. At 100 C, all mixtures had significant strength losses, ranging between 26% for Mixture IV and 35% foiMixture 11. These relative strength losses are slightly larger than those of the stressed tests at the same temperature. Between I00 and 300 C, there is some strength recovery, and the range of relative strength losses narrowed to between 18 and 26% at 300 C. Note, however, that there was larger scatter at 300 C. At 450 C, there are further strength losses for Mixtures 11, 111, and IV, and occurrences of explosive spalling in Mixture 1. At 600 C, there are strength data only for Mixture IV, which has a total strength loss of 70%. Analysis of variance (ANOVA) showed24 that the higher mean strengths at 300 C are statistically significant, whereas differences in the mean strengths at 100,200, and 450 C arc not. Figure 8 shows the static moduli of elasticity decreased progressively with increasing temperatures for all mixtures. The magnitudes of the losses in relative values were similar to those in the stressed tests. In general, the reduction in relative value of elastic modulus was independent of the mixture. The only exception was for heating to 200 C, for which Mixture IV had a slightly greater reduction.
Results of unstressed residual property tests-Normal ized compressive strengths and moduli of elasticity are shown i n Fig. Y and 10 . Compressive strengths of Mixtures Ill and IV varied similarly with increasing exposure temperature. Their strength-temperature relationships can be characterized by a strength reduction of between 25 and 30% at 100 C, followed by a fairly constant residual relative strength from 100 to 300 C. Further strength loss resumed at above 300 C, and exposure to 450 C caused a 50% strength loss.
Mixtures I and I1 had similar strength losses of between 1 0 and 15% at I00 C. For 
Fig. &-Relative Young's modulus of elasticiry as function of target temperature under unstressed test.
Mixtures 111 and IV. Data for Mixture I at 450 C were not available due to explosive spalling. Overall, for exposure temperatures of 100,200, and 300 C, Mixture I (lowest w/cnz) had the highest residual relative strength, Mixtures I1 and 111 had similar residual relative strengths, and Mixture IV tended to have the lowest residual strength. Thus, there appears to be a relationship between Ms/cni and the residual strength after exposure to elevated temperature. An ANOVA was performed,24 and the results indicated that the effect of concrete mixture was statistically significant, but the interaction effect of temperature and mixture was also statistically significant. The latter result means that the effect of concrete mixture depends on the exposure temperature.
Since the residual property texts were perfornied at room temperature. it was possible to ohtain the dynamic modulus of elasticity in accordance with ASTM C 2 IS before and after heating. The dynamic moduli of elasticity for the f o u r mixtures decreased at a similar rate with increasing temperature (Fig. lo) , and the losses were similar to the losses in static elastic moduli from the other test conditions. Mixtures II and 111 displayed almost identical values of relative residual dynamic clastic modulus. Mixture I displayed losses similar to Mixtures I1 and 111, except at 100 C , where the loss was minor. Mixture I\' displayed ;t consistently higher loss at all tempcratures. 
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EFFECTS OF TEST CONDITIONS, w/cm, AND SILICA FUME
The individual relative strength values reported in Appendixes 1 to 3 were used in the ANOVA to determine the significance of the effects of temperature, test condition, w/cm. and silica fume on strength Because specimens in the unstressed residual property test were not heated to 600 C and because of the large number of explosive failures of specimens that were being heated to 600 C for the other two test conditions, there are few test results for this exposure temperature. Hence, test results for 600 C exposure were excluded from the ANOVA. In addition to the four main factors, the significance of two-factor interactions was also examined. The results of the ANOVA indicate that the factors temperature, test condition, M / C I I L , and the interactions teniperature-test condition and d c mtest condition were statistically significant. A probability level of 0.05 or less was used to identify statistically significant effects. The elastic moduli values were not analyzed as rigorously as strength because of excessive missing data points.
Effect of test conditions
Individual relative strength values are listed according to the test conditions in Appendixes 1 to 3. The following mean strengths were obtained for the three test conditions for heating to 100, 200, 300, and 450 C:
Unstressed tests: average relative strength = 0.72; Stressed tests: average relative strength = 0.76; and Residual property tests: average relative strength = 0.73 Overall, it was found that the stressed test produced the smallest relative strength loss, and there was no statistically significant difference between the losses obtained from the unstressed and residual property tests. As mentioned previously, the ANOVA showed that there were two statistically significant two-factor interactions that involve test condition: temperature-test condition and test condition-dcm. These interactions mean that the effect of test condition depends on the exposure temperature and the w/cm. Thus, while the stressed test produced the smallest strength loss on average, this did not apply to all exposure temperatures and values of w/cm.
More in-depth analyses were performed by comparing the results for each exposure temperature and for the different values of w/cm. For exposure to 300 C, there were no statistically significant differences among the strength losses measured by the three test conditions; and For exposure to 450 C, the greatest loss was measured in the residual property test condition, and there was no statistically significant difference in the strength loss measured by the other two test conditions. In a similar way, Table 4 shows the average values of relative strength for the different test conditions grouped according to w/cn7. An ANOVA was carried out within each w/cm group, and the following results were obtained:
For w/cm = 0.22, the smallest strength loss occurred in the residual property test condition, and there was no statistically significant difference between the results for the other two conditions; For w/cm = 0.33, there were no statistically significant differences among the three conditions; and For ~,/cn7 = 0.57, the averages losses for the conditions were different; the smallest loss was obtained with the stressed test and the greatest loss was obtained with the residual property test. In summary, the results of the ANOVA show that the test condition has a statistically significant effect on the measured strength loss due to high-temperature exposure. The strength loss measured by a given test condition, however, appears to depend on the exposure temperature and concrete mixture. For the lowest w/cm (0.22) and lower exposure temperatures (100 and 200 C), the strength loss measured by the residual property test was the smallest. On the other hand, for higher exposure temperature (450 C) and w/cm (0.57), the strength loss was the highest in the residual property test. These results appear to indicate that there is a complex relationship between the strength measured at an elevated temperature and the residual strength measured at room temperature after exposure to the same elevated temperature.
The test condition also appears to influence the tendency for explosive spalling, but no statistical analysis was applied to this observation. As mentioned previously, the presence of stress while the specimens were being heated seems to reduce the tendency for explosive spalling. This is clearly seen in the behavior of the Mixture I specimens ( Table 2 ). None of the cylinders from Mixture I experienced explosive spalling for the stressed tests. This is clearly an area for additional study.
Effect of w/cm
values of w/crn:
The statistical analysis indicated that, overall, Mixture I (w/crn = 0.22) had the lowest strength loss, and there was no statistically significant difference between strength loss for w/cm = 0.33 and 0.57. As mentioned previously, there was a statistically significant two-factor effect involving d c m and test condition. Thus, the effect of w/cm was not 
For the unstressed test, there were no statistically significant differences due to w/cnz; For the residual property test, the strength loss for each M > / C~Z was different. The smallest loss was for w/cm = 0.22, and the largest loss was for w/criz = 0.57; and For the stressed test, the strength loss for w/cm = 0.27, was less than for M'/CIJI = 0.33. I n summary, the ANOVA showed that the effect of ~, / c m on strength loss during high-temperalure exposure depends on the test condition. For the mixtures used in this study, it appears that the strength loss was the smallest for Mixture I with the lowest w'ctiz. This conclusion, however, did not apply to the unstressed test, for which w/criz had no statistically significant effect on the strength loss.
As shown in Table 2 , the d c m has an effect on the potential for explosive spalling during high-temperature exposure. It is clear that Mixture IV, with dcnz = 0.57, was immune to explosive spalling under the test conditions used i n this study. From the comparison of incidences of explosive spalling during heating under unstressed conditions, Mixtures I1 and Ill (w/cm = 0.33) had a lower spalling tendency than Mixture I (w/cnz = 0.22). This relationship between d c m and propensity for explosive spalling is consistent with the notion that explosive spalling is related to the resistance to water vapor transport.
Effect of silica fume
The ANOVA indicated24 that the presence of silica fume did not have a statistically significant effect on the strength loss due to exposure to elevated temperatures of 100, 200, 300, and 450 C. The two-factor effect test condition-silica fume had a probability level of 0.0504, which means that the effect of silica fume depended somewhat on the test condition. Further analysis of the data revealed that for the unstressed test condition, Mixtures 111 and IV without silica fume had less relative strength loss than Mixtures I and I1 with silica fume. For the other two test conditions, the presence of silica fume had no overall statistically significant effect on strength loss. It was noted, however, that in the residual property tests, mixtures with silica fume exposed to 100 C had significantly less relative strength loss than mixtures without silica fume. For higher exposure temperatures, the differences were not statistically significant. Table 2 , Mixture I1 had two more incidences of explosive spalling than Mixture 111; however, it is not apparent whether this difference is significant. Thus, there is no clear evidence that the presence of silica fume by itself affects the tendency for explosive spalling.
As shown in
CONCLUSIONS
Cylinders made from four mixtures of high-strength concrete were subjected to three test conditions commonly used to evaluate the behavior of concrete exposed to elevated temperatures. Exposure temperatures ranged from 100 to 600 C; however, the 600 C results were not used in the data analysis due to the occurrence of explosive spalling in many specimens during heating. A relatively slow heating rate was used to control the thermal gradients within the cylinders. Relative strength, relative elastic modulus, and tendency towards explosive spalling were evaluated. Statistical analysis was used to discern statistically significant effects due to the experimental factors. The following summarizes the conclusions of this study:
1. Measurement of internal temperature histories during heating provided further insights into the heat-induced tnoisture transport process in high-strength concrete. These measurements revealed consistent perturbations in the rates of temperature rise at the surfaces and centers of the cylinders. These perturbations are believed to be related to the transformations and subsequent transport of free water and chemically combined water. Thus, it is confirmed that accurate modeling of temperature development in concrete needs to take into account the heat-induced moisture transformation and transport;
3. The concrete temperatures at the centers of the cylinders when explosive spalling occurred ranged from 200 to 325 C. The time of explosive spalling appeared to coincide with the time when a high temperature difference existed between the surface and center of the cylinder. This suggests that, while internal pressure niay be the primary cause of explosive spalling, the presence of thermally induced stresses niay play a secondary, but significant, role in this failure;
3. HSC that carried a preload equal to 40% of the roomtemperature strength during heating (stressed test condition) sustained, on average, the smallest strength loss due to temperatures up to 600 C; 4. The relative strength losses measured by the three test conditions differed with exposure temperature. This is indicated by the statistically significant interaction effect involving temperature and test condition. For exposure temperatures of 100 and 200 C, the residual property test condition resulted in the lowest relative strength loss (on the order of 20%, compared with 25 to 30% for the stressed and unstressed conditions). On the other hand, for exposure to 450 C, the relative strength loss was highest for the residual property test condition (on the order of 50%, compared with 25 to 30% for the other conditions). From these results, it can be inferred that there is a complex relationship between the strength measured at elevated temperature and the residual strength measured at room temperature;
5. The HSC mixture with the lowest w/cm of 0.22 sustained, on average, the lowest loss in relative strength (approximately 20% compared with approximately 30% for w/cm = 0.33 and 0.57);
6. The effect of w/cm on relative strength was not the same for each test condition, This is indicated by the statistically significant interaction effect involving w/cm and test condition, For the unstressed test condition, there was no statistically significant difference in relative strength loss due to d c m . For the stressed and residual property test conditions, however, Mixture 1 with w/cm = 0.22 experienced less loss in relative strength; 7. Overall, the presence of silica fume had no statistically significant effect on the relative strength loss. There was, however, some dependence on test condition. For the unstressed test condition, Mixtures 111 and IV without silica fume had less strength loss than Mixtures I and I1 with silica fume. For the other test conditions, the presence of silica fume had no overall statistically significant effects;
8. With respect to explosive spalling, it was observed that the tendency was reduced in the stressed tests in which a compressive stress equal to 40% of the room temperature strength was maintained during heating. As expected, there was an increase in spalling tendency as the w/cm decreased. This is consistent with the notion that the tendency for explosive spalling is related to the resistance to water vapor transport during heating. There was no clear evidence that the presence of silica fume by itself affects the tendency for explosive spalling; and 9. The relationships between relative elastic modulus and temperature were distinctly different from those f o r relative strength. There was an approximately linear decrease in relative elastic modulus with increasing temperature. Rigorous statistical analyses were not carried out because of too many missing data. 
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